The regional differences in the characteristics of dust events (i.e., all phenomena related with dust; dust in the production and suspension phases) in East Asia were investigated by use of surface meteorological data from March 1988 to May 2004. Referring to the topography and land cover type (e.g., Bare Desert, Semi Desert Shrubs, Grassland, Cultivated Land), East Asia was divided into 11 regions. Dust outbreaks (i.e., dust in the production phase) frequently occur in the Gobi Desert, the western part of the Loess Plateau, and the Taklimakan Desert, whose land cover types are Bare Desert and Semi Desert Shrubs (i.e., Desert). Although the result of frequent dust outbreaks is common among these regions, the frequency of floating dusts (i.e., dust in the suspension phase) differs greatly. Floating dusts are frequently observed in the Taklimakan Desert because most of the dust particles are blocked by the steep topographical surroundings such as the Tibetan Plateau, Pamirs, and Tian Shan Mountains. On the other hand, floating dusts are seldom observed in the Gobi Desert and Loess Plateau. In these regions, although dusts are produced by synoptic disturbances, they are immediately swept away by these same synoptic disturbances.
Introduction
It has been pointed out that dust aerosols play an important role in the atmospheric radiation and cloud physical process, and hence they can alter climate. However, the level of scientific understanding (LOSU) of the effects of dust aerosols on climate is described as very low in the third assessment report of Intergovernmental Panel on Climate Change (IPCC) (2001) .
This very low LOSU is partly caused by the difficulty of estimating the timing, place, and quantity of dust production by the wind. To estimate them more accurately, we need to identify the spatial and temporal variations in atmospheric conditions (e.g., wind speed, atmospheric stability, gustiness) and land surface conditions (e.g., soil moisture, vegetation activity, snow cover, size distribution of soil particles). Furthermore, it is important overcome our insufficient understanding of the relationship among dust outbreaks (i.e., blowing dusts and dust storms. See Section 2.1.a), atmospheric conditions, and land surface conditions. Dust events (i.e., floating dusts, blowing dusts and dust storms. See Section 2.1.a) frequently occurred in East Asia from 2000-2002. From statistical analyses of surface meteorological data at 105 observatories in East Asia (not including the Taklimakan Desert), Kurosaki and Mikami (2003) showed that these frequent dust events were mainly caused by frequent strong winds. While major dust sources are distributed around the Gobi Desert and the Loess Plateau in normal years, in 2000-2002 dust outbreaks also frequently occurred in Northeastern China and the North China Plain. Kurosaki and Mikami (2004) identified a high correlation between year-toyear variations in dust outbreaks and strong winds when a strong wind was defined by a constant, threshold of 6.5 m sec À1 . Their correlation coefficients were 0.73 in March and 0.70 in April. They further investigated the effect of snow cover on dust outbreaks and proposed a parameterization of threshold wind speed of dust outbreak by using the snow cover fraction (SCF) data (Basist et al. 1996) . These correlation coefficients increased to 0.90 in March and 0.83 in April.
East Asia possesses massive topographies, such as the Tibetan Plateau, Altai Mountains, and Tian Shan Mountains, etc, which cause major differences in the atmospheric and land surface conditions between regions. This is likely to lead to regional differences in the characteristics of dust events. Several of the observatories in Kurosaki and Mikami (2003, 2004) are located in major dust source regions, such as the Gobi Desert and Loess Plateau. Others are located in regions which are usually minor or small dust sources and only occasionally significant, such as Northeastern China and the North China Plain. These major and minor dust sources are associated with various land cover types (Section 2.2). In this study, we will divide East Asia into 11 regions according to the topography and land cover types, and discuss regional differences in the characteristics of dust events.
Data and methods

Surface meteorological data
The elements of surface meteorological data were the 3-hourly present weather and the surface wind speed at a height of 10 m in East Asia from March 1988 to May 2004, which are included in the SYNOP reports (World Meteorological Organization (WMO) 1995, http://www.wmo.int/web/www/DPS/ NewCodesTables/ WMO306vol-I-1PartA.pdf ). Figure 1 shows the region analyzed, with 961 meteorological observatories indicated as of dots and squares (Section 2.3).
a. Present weather
The present weather, which is obtained by naked-eye observation, was used to detect several kinds of dust phenomena. All definitions of present weather (ww ¼ 00 to 99) are shown in Code Table 4677 in WMO (1995) . In this study, all dust-related phenomena are called (1) ''dust event'', which are ww ¼ 06; 07; 08; 09; 30; . . . ; 35 and 98 (Table 1) . Dust in the suspension phase is called (2) ''floating dust'', which is ww ¼ 06. Dust in the production phase is called (3) ''dust outbreak'', which are ww ¼ 07; 08; 09; 30 . . . 35, and 98. Dust outbreaks are divided into (4) ''blowing dust'' (i.e., moderate dust outbreak), which are ww ¼ 07 and 08, and (5) ''dust storm'' (i.e., severe dust outbreak), which are ww ¼ 09; 30 . . . 35, and 98 (Table 2) .
The frequency of each dust phenomenon is defined as follows. As an example, the dust outbreak frequency (hereafter, DOF) is defined as the percentage of the number of dust outbreaks to the total number of observations within the given period in the given region. The dust event frequency (DEF), the floating dust frequency (FDF), the blowing dust frequency (BDF), and the dust storm frequency (DSF) are similarly defined.
b. Strong wind
This study presents two definitions of strong wind as made in Kurosaki and Mikami (2004) . In the first definition, the speed of a strong wind must exceed a constant, threshold of 6.5 m sec À1 , which is used as the threshold wind speed for dust outbreaks in many numerical models (e.g., Tegen and Fung 1994) . As the second definition, the threshold of a strong wind ðu t Þ is given as
where f sc is the snow cover fraction (SCF). This is a parameterization of the threshold wind speed of dust outbreak by SCF data (Basist et al. 1996) in Kurosaki and Mikami (2004) . However, the period of SCF data, which is from March 1988 to April 2003 excluding the year 1991, is different from that of the surface meteorological data. Similar to the DOF in the previous section, the strong wind frequency (SWF) is defined as the percentage of the number of strong winds to the total number of observations. Hereafter, the SWF by u t ¼ 6:5 m sec À1 and by Equation (1) are expressed as SWF 6:5 and SWF scf , respectively.
Land surface data
As mentioned in the previous section, the SCF data is used to identify the effect of snow cover on dust outbreaks. Furthermore, we will identify the land cover types of dust source regions with the Global Ecosystems in 
, and ''T'' (Tundra). Symbols of dot indicate observatories in non-potential-dust-source regions. Topography is indicated by hatches and solid contours, which indicate 1500 m and 3000 m A.S.L. Thick line indicates national border, and white line indicates Huang He River (Yellow River).
Global Land Cover Characteristics Data Base Version 2.0 (Loveland et al. 2000) , which is distributed by U.S. Geological Survey (USGS) (http://edcdaac.usgs.gov/glcc/globdoc2_0.html).
Although there are 96 kinds of land cover types in this data set, this study classifies these into 9 types: Bare Desert, Semi Desert, Semi Desert Shrubs, Grassland, Cultivated Land, Savanna, Forest, Tundra, and others (Appendix). Figure 1 shows the distribution of surface meteorological observatories as squares and dots. Squares show the 125 observatories where the DOF max is greater than 4%. The DOF max is defined as the maximum monthly DOF during the last 16 years (March 1988 -May 2004 as in Kurosaki and Mikami (2003) . Hereafter, regions where the DOF max is greater than 4% will be called ''potential dust sources''. The land cover type of each observatory is indicated by an alphabetic letter in each square:
Regions
and ''T'' (Tundra).
Referring to the land cover type and topography, potential dust sources are divided into 11 regions as shown in Fig. 2 . The region name of each observatory is indicated by an alphabetic 
and ''e'' (others). Table 3 shows the major land cover types of each region. One land cover type is selected as the major type for every region, although the Loess Plateau and North Korea, which possess three kinds of land cover types, are exceptions. The Loess Plateau comprises Semi Desert Shrubs in the western part, Cultivated Land in the southeastern part and Grassland in the northeastern part. North Korea is divided into the Cultivated Land region in the western part, the Savanna region in the central part, and the Forest region in the eastern part. Figures 3a-3c indicate the spatial distributions of DOF, FDF, and DSF in spring (March, April and May) from 1988 to 2004. The DOF in spring for each region is indicated in Table 3 .
Results
Spatial distributions of dust event frequency
The major dust sources of East Asia can be found around the Gobi Desert, Taklimakan Desert, and Loess Plateau, as illustrated in Fig.  3 
Region Name Topography (m)
Fig. 2. Region name of each observatory in a potential dust source is indicated by an alphabet in
, and ''e'' (others). Floating dusts are frequently observed in the Taklimakan Desert, the southern Loess Plateau, South Korea, and the western part of Japan (Fig. 3b) . While the Taklimakan Desert is a frequent floating dust region as well as a major dust source region, floating dusts are seldom observed around the Gobi Desert, which is also a major dust source.
Dust storms frequently occur in the Gobi Desert, Northern Mongolia, and Western Mongolia (Fig. 3c) . On the other hand, dust storms are seldom observed in the Taklimakan Desert and Loess Plateau. Figure 4 indicates the seasonal variations of dust frequencies such as FDF, BDF, and DSF (Section 2.1.a) as a bar chart (left vertical axis), and SWF 6:5 as a line graph (right vertical axis) for each region. The result for the Taklimakan Desert is shown in two figures, Figs. 4a1 and 4a2, because the FDF is extremely high and the SWF 6:5 is low. The ranges of the vertical axes in Fig. 4a2 are different from those of the others (Figs. 4b-4k ). The FDF (white bar) is not shown in Fig. 4a1 since the FDF substantially exceeds the range of the axis.
Seasonal variations
In all regions, the DEF (¼ DSF (black bar) þ BDF (hatched bar) þ FDF (white bar)) is high when the SWF 6:5 is high, especially in March, April and May. We can find secondary weak peaks of strong winds and dust outbreaks in autumn, except in the Taklimakan Desert and Tsaidam Basin. Unlike the Gobi Desert and Loess Plateau, dust outbreaks in the Taklimakan Desert occur frequently, even in summer. Details of dust events in the Taklimakan Desert are described in Kurosaki and Mikami (2002) .
Relation between SWF 6:5 and DOF
Figures 5a, 5b and 5c show relations between SWF 6:5 (horizontal axis) and DOF (vertical axis) in March, April, and May, respectively. Table 3 indicates their regression equations and correlation coefficients (COR 6:5 ).
The top left panel of 
b. Each region
In Fig. 5 , different symbols are used to indicate the last five years (2000) (2001) (2002) (2003) (2004) of each region, although the preceding years (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) are shown by the same symbol (dot).
Similar year-to-year variations in DOF can be found in almost all regions, although the Taklimakan Desert, Tsaidam Basin, and the Hexi Corridor are exceptions. Recently, in the Hexi Corridor, the DOFs have been uniformly low in May; and in the Taklimakan Desert and Tsaidam Basin, the DOFs are always low in March and May. However, the year-to-year variations of DOFs in these three regions are similar to those of April in other regions.
Discussion
Frequent floating dusts in the Taklimakan
Desert and rare floating dusts in the Gobi Desert The results of our statistical analysis in Section 3.1 indicate that there are frequent floating dusts in the Taklimakan Desert but rarely in the Gobi Desert. In this section, a characteristic example is used to discuss these results. Figures 7a-7c show true color images of Moderate Resolution Imaging Spectroradiometer (MODIS) from March 9-11, 2004. Figures 7d, 7e , and 7f are close-ups of the Gobi Desert on March 9, Northeastern China on March 10, and the Gobi Desert on March 11, respectively.
On March 9 (Fig. 7a) , two dust storms simultaneously occurred in the eastern part of the Taklimakan Desert and Gobi Desert. This dust storm in the Gobi Desert is caused by a synoptic disturbance. Figure 7d shows many brown lines of dust heading toward the cloud area, the cause of the synoptic disturbance. On March 10 (Fig. 7b) , the front of the dust storm is just reaching the southwestern edge of the Tarim Basin (i.e., the Taklimakan Desert). The dust storm that occurred in the Gobi Desert travels into Northeastern China, accompanied by a synoptic disturbance. On March 11 (Fig.  7c) , a light yellow cloud of floating dust is distributed in the western half of the Taklimakan Desert. This dust lasted until March 18, although the locations of dust clouds were different day by day. High concentrations of dust particles were also observed on the land surface during the same period using an optical particle counter ). On the other hand, the land surface was clearly visible around the Gobi Desert (Fig. 6f ) .
The example above illustrates frequent floating dusts in the Taklimakan Desert and rare floating dusts in the Gobi Desert, a result recorded in Section 3.1. The authors are certain that the lofty mountains of the Tibetan Plateau, Pamirs, and Tian Shan Mountains block the transportation of dust particles from the Tarim Basin (i.e., the Taklimakan Desert). On the other hand, a synoptic disturbance conveys dust particles around the Gobi Desert (including the Loess Plateau, Northern Mongolia etc.) just after the dust outbreak. This is illustrative of the fact that even though dust outbreaks frequently occur, floating dusts are rarely observed.
Spatial distributions of dust sources have been studied associated with topography (Ginoux et al. 2001; Prospero et al. 2002) . Using a Total Ozone Mapping Spectrometer (TOMS) absorbing aerosol index (AAI) data, Prospero et al. (2002) show that dust sources are dis-1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 tributed corresponding to topographical depressions, and that the Tarim Basin (i.e., the Taklimakan Desert) is one of the largest dust sources. When the size of the dust source is discussed, we must evaluate the amount of dust in the production phase (i.e., the dust outbreak). However, TOMS cannot distinguish dust outbreaks from floating dusts. This problem is not so important where floating dusts are rare, as in the Gobi Desert. On the other hand, TOMS AAI data overestimates the size of dust sources where the FDF (floating dust frequency) is much greater than the DOF (dust outbreak frequency), as in Taklimakan Desert.
Floating dusts in South Korea and Japan
Floating dusts (ww ¼ 06. See Section 2.1.a) are frequently observed in South Korea and in the western Japan (Fig. 3b) , although there are no major dust source regions neighboring them (Section 3.1). On the other hand, despite the North China Plain and the southern part of China being close to a major dust source such as the Loess Plateau in the upwind direction, floating dusts are not frequently observed. This might be due to differences among the observation criteria for floating dust.
Even when we observe ''a widespread dust in suspension in the air, not raised by wind at or near the station at the time of observation'' (WMO 1995) (see Table 1 ), a floating dust (ww ¼ 06) is not record in Japan if visibility exceeds 10 km (Japan Meteorological Agency 2002). In Korea, on the other hand, visibility is not taken into account; instead, the intensity is divided into three classes based on dry deposition (Chun et al. 2002; Korean Meteorological Administration 2002) . Although the authors have not obtained the observation criteria for floating dust in China, the Chinese criterion may be more severe than those of South Korea and Japan. We need to clarify these differences in observation criterion among regions, which are not seen in the Manual on Codes (WMO, 1995) , to avoid misunderstanding of the statistics for present weather data in SYNOP.
4.3 Effects of land surface conditions on dust outbreak Dust outbreaks are controlled by atmospheric conditions (e.g., wind speed, atmospheric stability, gustiness) and land surface conditions (e.g., soil moisture, vegetation activity, snow cover, size distribution of soil particles). As far as atmospheric conditions are concerned, this study adopts the wind speed as the threshold wind speed that causes dust outbreaks. No other atmospheric conditions are discussed. However, major discussion of atmospheric conditions on dust outbreaks can be conducted according to the wind speed though there are rare exceptions such as dust devils.
In general, a causal relationship cannot be obtained from a correlation analysis. However, regarding the relationship between winds and dust outbreaks, we know that strong winds cause dust outbreaks but not the other way around. Therefore, the intention of the authors is for the correlation between SWF and DOF to indicate the impact of atmospheric conditions on dust outbreaks. When this correlation is high, wind conditions are primarily responsible for dust outbreaks. On the other hand, when this correlation is low, land surface conditions are primarily responsible for dust outbreaks.
a. Correlation between SWF 6:5 and DOF (COR 6:5 ) The COR 6:5 is the correlation coefficient between frequencies of dust outbreak (DOF) and strong winds when the threshold wind speed is set as a constant 6.5 m sec À1 (SWF 6:5 ). The COR 6:5 is higher in Bare Desert and Semi Desert Shrubs (i.e., Desert) regions than in Grassland regions (Section 3.3). This means that wind conditions primarily dictate the frequency of dust outbreaks in Desert regions. On the other hand, the effect of land surface conditions on dust outbreaks is greater in Grassland regions than in Desert regions. These results suggest that the threshold wind speed of dust outbreak is almost constant in Desert regions because of small variations in land surface conditions. On the other hand, the threshold wind speed varies considerably in Grassland regions due to large variations in land surface conditions. b. Effect of snow cover Table 4 indicates the regression equations between SWF SCF and DOF, the correlation coefficients (COR SCF ), and the differences between COR SCF and COR 6:5 (DCOR ¼ COR SCF À COR 6:5 ). The COR SCF is the correlation coefficient between frequencies of dust outbreak (DOF) and strong wind when the threshold wind speed varies according to the SCF (SWF SCF ). The authors therefore intend to present the effect of snow cover on dust outbreak using DCOR. However, we should pay attention to the fact that DCOR also denotes a difference of populations between surface meteorological data (March 1988 -May 2004 and Fig. 5(c) . On the other hand, the DCORs show the effects of snow cover on dust outbreaks to be significant in Inner Mongolia and the Hexi Corridor in March, and in Northern Mongolia in April. The significant DCORs are limited to the above three cases. However, the DCORs are positive in most regions where the SCF is large, although they are not statistically significant. This fact suggests that Equation (1) applies to most regions of East Asia. However, Western Mongolia was an exception, since the DCORs are negative even though the SCFs are high through March to May, although the reason for this is unknown.
c. Effects of other land surface conditions
According to Section 3.3, the COR 6:5 decreases from March to May in most Desert regions. It is much lower in May than in March and April. However, in Grassland regions, the COR 6:5 varies irregularly.
If we take the SCF data into account, the COR SCF generally decreases from March to May in both Desert and Grassland regions. The COR SCF in Desert regions is always high in March and April and low in May. As for Grassland regions, the COR SCF is always high in March and low in April and May. This result suggests that soil moisture, vegetation activity, and/or other land surface conditions begin to affect dust outbreaks chiefly from April in Grassland regions and from May in Desert regions.
In Cultivated Land regions, no regularity can be seen in the COR SCF . The COR SCF for the North China Plain is high and decreases slightly from March to May, while in Northeastern China the COR SCF is high in March and May but low in April. It might be difficult to explain the causes of these seasonal variations because of the difficulty in monitoring anthropogenic activities such as field plowing. Zou and Zhai (2004) indicate a negative correlation between vegetation coverage and dust storms in northern China by normalized difference vegetation index (NDVI) data. The analysis of NDVI data could be a key factor to understanding the seasonal variation in COR SCF .
4.4 Threshold wind speed of dust outbreak in each region As we have mentioned in Section 3.2 (Fig. 4) , the DOF varies seasonally corresponding to the SWF 6:5 in every region. However, the ratios of DOF to SWF 6:5 are different according to region. In the Taklimakan Desert, the SWF 6:5 is almost the same as the DOF in April. This means that the mean threshold wind speed of dust outbreak is about 6.5 m sec À1 in the Taklimakan Desert. However, the SWF 6:5 is about 3.1, 5.6, and 11.8 times higher than the DOF in the Loess Plateau, Gobi Desert, and Northern Mongolia in April, respectively. This suggests that the mean threshold velocities are much greater than 6.5 m sec À1 in these regions and that the highest threshold wind speed is seen in Northern Mongolia. Furthermore, the threshold wind speed is low in Bare Desert regions such as the Taklimakan Desert, while it is very large in Grassland regions such as Northern Mongolia. Although this study does not quantitatively indicate the threshold wind speed in each region, we can compare their sizes by the ratios of DOF to SWF 6:5 .
Conclusions
We have clarified the regional differences in the characteristics of dust events in East Asia by use of surface meteorological data from March 1988 to May 2004. Potential dust sources in East Asia were divided into 11 regions according to topography and land cover type (e.g., Bare Desert, Semi Desert Shrubs, Grassland, Cultivated Land). Conclusions are summarized as follows. 
